Although Lactobacillus species have been administered widely as probiotics in poultry production, the mechanisms responsible for their functionality are not well understood. The genetic tools available for use in lactobacilli are advanced but have not been applied widely to investigate their probiotic functionality in poultry. The genome sequence of Lactobacillus gallinarum ATCC 33199, originally isolated from the chicken crop, has recently been made available suggesting this organism as a potentially important model organism for probiotic research in poultry. In this study, we demonstrated the functionality of the pORI28 system for construction of isogenic knockout mutants in L. gallinarum ATCC 33199 using insertional inactivation of lacL as proof-of-principle. The establishment of an effective chromosomal integration system for use in L. gallinarum ATCC 33199 will provide a platform for functional genomic analyses to investigate the functionality of this model organism in the gastrointestinal tract of poultry.
INTRODUCTION
Lactobacillus species are important inhabitants of the gastrointestinal tracts of humans and livestock animals and are often used as probiotics because of their health promoting properties (Klaenhammer et al., 2008) . Probiotics are live microorganisms, which when administered in adequate amounts confer a health benefit on the host (Hill et al., 2014) . Often administered as Direct-Fed Microorganisms to poultry and other livestock animals, probiotic Lactobacillus have been demonstrated to stimulate immune responses (Dalloul et al., 2003; Haghighi et al., 2006) , reduce colonization of human food-borne pathogens including Campylobacter (Ghareeb et al., 2012) and Salmonella (Pascual et al., 1999) , and improve growth performance at levels similar to antibiotics (Awad et al., 2009; Loh et al., 2010) . Additionally, interest in the use of probiotics in livestock animal production has grown because of increased consumer and regulatory pressure to reduce sub-therapeutic use of antibiotics (Lutful Kabir, 2009 ). Although they are used widely in livestock animal production, the mechanisms responsible for the benefits of probiotic administration are not well understood.
Lactobacillus gallinarum ATCC 33199, originally isolated from the crop of a chicken, is a potentially important model organism for investigating mechanisms C 2018 Poultry Science Association Inc. Received June 11, 2018. Accepted August 2, 2018. 1 Corresponding author: E-mail: t-duong@poultry.tamu.edu of probiotic functionality in poultry. Lactobacillus gallinarum ATCC 33199 has been demonstrated to adhere effectively to the chicken LMH epithelial cell line in vitro and to be a strong colonizer of the gastrointestinal tract of broiler chickens in vivo (Spivey et al., 2014) . Administration of L. gallinarum ATCC 33199 has been also demonstrated to reduce cecal colonization by Campylobacter jejuni in experimentally challenged broiler chickens (Neal-McKinney et al., 2012) . The genome sequence for L. gallinarum ATCC 33199 (Sun et al., 2015) has recently been made available and is expected to provide genomic insights into the beneficial functionalities of Lactobacillus in the gastrointestinal tract of poultry. Although we have previously demonstrated the ability to be genetically transformed readily using electroporation and recombinant expression of heterologous proteins in L. gallinarum ATCC 33199 (Askelson et al., 2014) , the ability to construct targeted isogenic mutants will also be required to investigate the role of specific genes and gene products in the probiotic functionality of this organism.
The pORI28 plasmid system, based on the broadhost-range lactococcal pWV01 replicon (Leenhouts et al., 1991) , has been used widely for the targeted insertional inactivation of genes in Lactic Acid Bacteria (LAB). Targeted gene inactivation using pORI28-based plasmids is dependent upon the integration of a non-replicating plasmid containing an antibiotic resistance cassette into the host chromosome by homologous recombination. This has been demonstrated to be an efficient method for the construction of isogenic gene knockout mutants in several Lactobacillus species and has provided important insight into carbohydrate metabolism Duong et al., 2006) , epithelial cell adhesion (Buck et al., 2005) , and bile stress response of Lactobacillus species (Azcarate-Peril et al., 2004; Whitehead et al., 2008) . In this study, we investigated insertional inactivation of lacL, encoding β-galactosidase, in order to demonstrate proof-of-principle of the effectiveness of the pORI28 system in L. gallinarum ATCC 33199 and to provide a platform to enable functional genomic analyses investigating mechanisms of probiotic functionality in the gastrointestinal tract of poultry using this organism.
MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Growth Conditions
Bacterial strains and plasmids used in this study are listed in Table 1 . Lactobacillus gallinarum strains were cultured in 10% CO 2 at 37
• C using de Man, Rogosa, and Sharpe (MRS)(Becton Dickinson, BD, Franklin Lakes, New Jersey) medium supplemented with 5 μg mL −1 erythromycin (Erm) (EMD Chemicals, Inc., San Diego, CA) or 5 μg mL −1 chloramphenicol (Cam) (EMD) when appropriate. Escherichia coli strains were cultured at 37
• C using Luria-Bertani (LB) broth (BD) and Brain Heart Infusion (BHI) agar (BD) supplemented with 100 μg mL −1 ampicillin (Amp) (Fisher BioReagents, Waltham, MA), 150 μg mL
Erm, or 150 μg mL −1 kanamycin (Kan) (Fisher) when appropriate.
DNA Isolation, Manipulations, and Transformations
Escherichia coli plasmid DNA was isolated using the QIAprep Spin Miniprep kit (Qiagen Inc., Valencia, CA), whereas chromosomal DNA was isolated from Lactobacillus using the method of Walker and Klaenhammer (1994) . Restriction endonucleases, T4 Ligase, Antarctic phosphatase, and Taq DNA polymerase were used according to the manufacturer's instructions (New England Biolabs, Ipswich, MA). PCR Primers were designed using Clone Manager (SciEd Software, Cary, NC) and commercially synthesized (Integrated DNA Technologies, Coralville, IA). PCR products and restriction fragments were purified using the QIAquick PCR purification and gel extraction kits (Qiagen), respectively.
Electrocompetent E. coli TOP10 (Invitrogen) and EC1000 were prepared and transformed according to the manufacturer's directions and standard methods (Seidman et al., 1997) , respectively. Electrocompetent L. gallinarum was prepared using 3.5× Sucrose MgCl Electroporation Buffer (SMEB) and electrotransformed as described by Luchansky et al. (1991) using a GenePulser Xcell electorporator (Bio-Rad, Hercules, CA).
Gene Inactivation
The inactivation of lacL was performed using targeted insertion of an Erm resistance cassette by homologous recombination using methods adapted from Russell and Klaenhammer (2001) . A 651-bp internal fragment of L. gallinarum ATCC 33199 lacL (Accession PRJDB621) was PCR amplified using chromosomal template DNA and primers LGlacL F (5'-CGGGCCATGTATGTCTATCTC-3') and LGlacL R (5'-TTGCTTCATGTCGGCTAGG-3'). Purified PCR product was ligated into pCR2.1-TOPO-TA and subsequently subcloned via NotI and HindIII restriction sites into pORI28. The resulting plasmid, pTD016 (pORI28::lacL) was transformed into L. gallinarum TDC 95 harboring pTRK669. Selection for chromosomal integration of pTD016 in lacL was performed at 42
• C, a temperature non-permissive to pTRK669, in MRS broth with Erm selection. Presumptive lacL integration mutants were identified using blue/white selection on MRS agar supplemented with Erm, 20 μg mL −1 IPTG (RPI, Corp., Mount Prospect, IL), and 50 μg mL −1 X-gal (AMRESCO LLC, Solon, OH).
Southern Hybridization
HindIII-digested chromosomal DNA was separated using agarose gel electrophoresis, transferred onto a positively charged nylon membrane (Roche Diagnostics, Basel, Switzerland), and UV cross-linked (Stratalinker, Stratagene, La Jolla, CA). DIG-labeled DNA molecular weight marker was included as a control (Roche). The membrane was blocked, probed using DIG-labeled 651 bp lacL PCR product (Roche), and visualized using the DIG Easy Hyb system (Roche) according to the manufacturer's instructions.
Growth Analysis
Wild-type and lacL − L. gallinarum strains were cultured overnight using MRS medium and harvested by centrifugation (5000× g, 10 min, 4
• C). Cells were washed and resuspended in carbohydrate-free MenonSturino (MS) medium (Menon et al., 2013) and inoculated at 1% (v/v) into MS broth supplemented with either 100 mM fructose (Sigma-Aldrich, St. Louis, MO), 100 mM glucose (Sigma), 50 mM sucrose (J. T.Baker, Center Valley, PA), or 50 mM lactose (Sigma). Growth of cultures at 37
• C was monitored by absorbance (O.D. 600 nm ) using a microplate reader (Tecan, Morrisville, NC).
Stability of Integrated Plasmid
Stability of integrated pTD016 in the chromosome of L. gallinarum was determined by propagating L. gallinarum TDC 97 in MRS broth in the absence of antibiotic selection for 50 generations as described previously by Russell and Klaenhammer (2001) . After every 10 generations of propagation, L. gallinarum was plated on MRS agar with X-Gal and IPTG and incubated for 48 hours. Revertant colonies were identified by the ability to hydrolyze X-gal.
RESULTS AND DISCUSSION
Administration of probiotic Lactobacillus has been demonstrated to promote growth performance at levels similar to antibiotics (Mountzouris et al., 2007; Loh et al., 2010) and reduce colonization of pathogens in the gastrointestinal tract in poultry (Pascual et al., 1999; Higgins et al., 2008; Ghareeb et al., 2012) . We have previously demonstrated the ability of L. gallinarum ATCC 33199 to be transformed readily with the pWV01 replicon by electroporation (Askelson et al., 2014) and to effectively colonize the gastrointestinal tract of poultry (Spivey et al., 2014) . Additionally, the genome sequence of this poultry isolate has been made available (Sun et al., 2015) , suggesting this strain as a potentially important model organism for investigating probiotic functionality in poultry.
The pORI28 plasmid system (Leenhouts and Venema, 1993) , based on the broad host-range lactococcal pWV01 replicon (Leenhouts et al., 1991) , has been used widely for the targeted insertional inactivation of genes in LAB (Law et al., 1995; Russell and Klaenhammer, 2001 ). Derivatives of pWV01, including pGK12 (Kok et al., 1984) , have been demonstrated to replicate efficiently while maintaining a high copy number in both Gram-negative (Kok et al., 1984) and Grampositive (Luchansky et al., 1988) microorganisms, including Borrelia burgdorferi (Sartakova et al., 2000) and Listeria monocytogenes (Foegeding et al., 1992) . Targeted chromosomal insertion has been used widely in the construction of isogenic loss-of-function mutants necessary to investigate physiology and metabolism of Lactobacillus (Russell and Klaenhammer, 2001; Goh et al., 2006; Walter et al., 2008) and other microorganisms. Although the CRISPR/Cas systems native to an individual bacterium has recently become a preferred technology for gene editing (Gaj et al., 2013) , CRISPR/Cas elements have not been not detected in the genome sequence of L. gallinarum ATCC 33199 (Sun et al., 2015) . Additionally, targeted insertion of pORI28 derivative plasmids into the chromosome will facilitate detection of L. gallinarum integrants during in vivo studies in poultry, with Erm resistance used as a selective marker and non-native sequences of the plasmid used as targets for molecular detection methods.
The objective of this study was to adapt the pORI28 chromosomal integration system for use in Lactobacillus gallinarum ATCC 33199 and demonstrate proof-ofprinciple of its functionality in this strain by constructing a targeted gene insertion mutant of lacL. The lacL gene, putatively encoding β-galactosidase, was identified using the draft genome sequence of L. gallinarum ATCC 33199 (Sun et al., 2015) . β-galactosidase has been used widely as a reporter in genetic studies because of the easily observed phenotype (Ullmann et al., 1967; Vieira and Messing, 1982; Kamionka et al., 2005; Shipkowski and Brenchley, 2006) .
Presumptive integrants were selected from Ermresistant L. gallinarum pTD016 transformants which formed white colonies on plates supplemented with X-gal and IPTG indicating disruption of β-galactosidase activity. Integration of pTD016 into the lacL locus was confirmed using Southern hybridization ( Figure 1) and PCR (not shown). For the WT strain (Lane 1), the lacL probe hybridized to a band corresponding to the 5.7 kb HindIII restriction fragment predicted from the L. gallinarum genome sequence. For the lacL integrant (Lane 2), the probe hybridized to 2 bands of approximately 6.6 and 1.5 kb, indicating insertion of an additional HindIII restriction site into the lacL locus by the integration of the plasmid. Presence of an additional band of approximately similar size to the inserted plasmid (Lane 3) indicated amplification of the insert within the lacL locus. Similar amplification has been reported previously for plasmid insertions maintained under antibiotic selection in other microorganisms (Leenhouts et al., 1991; Russell and Klaenhammer, 2001; Duong et al., 2006) .
The ability of the lacL mutant (L. gallinarum TDC 97) to grow on various carbohydrates was evaluated (Figure 2) . Cultures of wild-type L. gallinarum were able to grow effectively in all 4 carbohydrates. Cultures of the L. gallinarum lacL integrant were unable to grow in medium containing lactose. However, they were able to grow in fructose, glucose, and sucrose, reaching a similar final O.D. 600 as the wild-type cultures. Thus, targeted insertion of pTD016 into the lacL locus of L. gallinarum disrupted β-galactosidase activity and abolished growth on lactose. Growth of the lacL integrant cultures on the other carbohydrates was similar to the wild-type cultures, confirming their fermentation was not affected by inactivation of lacL. Similar results have been observed when β-galactosidase was inactivated in in other LAB (Russell and Klaenhammer, 2001; Takala et al., 2003) . Additionally, a longer lag period was observed for cultures of the lacL mutant compared to the wild-type when cultured in fructose, glucose, and sucrose, and has been observed previously when pORI28-based mutants were cultured under antibiotic selection . The inability of the mutant to grow in lactose suggests lacL encodes the only β-galactosidase in the genome of L. gallinarum ATCC 33199 and is consistent with predictions from the genome sequence for this organism (Sun et al., 2015) .
Loss of the integrated plasmid was assessed by the restoration of β-galactosidase activity, indicated by the appearance of blue colonies (Figure 3) . The numbers of revertant colonies were evaluated every 10 generations over a total 50 generations. The percentage of revertants gradually increased over the first 40 generations but did not continue to increase from 40 to 50 generations. The percentage of revertants reached a maximum of 1.67% after 50 generations. The observed total reversion of less than 2% in the absence of antibiotic selection is similar to the stability of chromosomal integrations after 50 generations reported previously for other Lactobacillus (Scheirlinck et al., 1989; Russell and Klaenhammer, 2001 ) and is considerably lower than has been reported for gene knockout systems in other bacteria (Steyert and Pineiro, 2007; Aranda et al., 2010; Heap et al., 2012) . Lactobacillus gallinarum ATCC 33199 has been demonstrated to colonize chickens only transiently with its recovery decreasing significantly after 4 d post-inoculation (Spivey et al., 2014) , suggesting that pORI28-based knockout mutants will be sufficiently stable for application during in vivo studies in broiler chickens. However, the in vivo stability of the gene disruption mutations post-inoculation in chickens remains to be determined.
In this study, we constructed a targeted gene inactivation mutant of lacL using chromosomal integration in order to demonstrate proof-of-principle of the effectiveness of the pORI28 system in L. gallinarum ATCC 33199. We have successfully demonstrated that integration of the pTD016 into the lacL locus of disrupted β-galactosidase activity and abolished the ability of integrant to utilize lactose without affecting utilization of other carbohydrates. To our knowledge, this is the first report of targeted gene inactivation in a Lactobacillus culture isolated from poultry. The application of the pORI28 system will allow the construction of additional isogenic mutants to be used to support investigation of mechanisms important to the beneficial functionality of probiotic microorganisms in poultry.
